The Drosophila fat facets gene encodes a deubiquitinating enzyme that regulates a cell communication pathway essential very early in eye development, prior to facet assembly, to limit the number of photoreceptor cells in each facet of the compound eye to eight. The Fat facets protein facilitates the production of a signal in cells outside the developing facets that inhibits neural development of particular facet precursor cells. Novel gain-of-function mutations in the Drosophila Rap1 and Ras1 genes are described herein that interact genetically with fat facets mutations. Analysis of these genetic interactions reveals that Fat facets has an additional function later in eye development involving Rap1 and Ras1 proteins. Moreover, the results suggest that undifferentiated cells outside the facet continue to inf luence facet assembly later in eye development.
Assembly of the Drosophila compound eye requires a complex series of positive and inhibitory, extracellular and intracellular, signals (1) (2) (3) . The eight photoreceptors (R1-R8) and four cone cells that make up each of the 800 identical facets, or ommatidia, as well as the hexagonal lattice of pigment cells surrounding each facet, assemble within the eye imaginal disc, a cellular monolayer, and they do so in a strict order (4) . After the first photoreceptor cell R8 is determined, first R8 and then the subsequently determined photoreceptors recruit the remaining cells from the surrounding undifferentiated cell pool into the growing facet (1) . The major players in these inductions are the Drosophila epidermal growth factor receptor homolog (DER) and its ligand, Spitz (5, 6) .
Patterning of the eye disc prior to R8 determination is poorly understood. Some aspect of this process requires the fat facets ( faf ) gene (7) . The morphogenetic furrow marks the beginning of facet assembly; rows of facets assemble posterior to the furrow as it moves anteriorly through the eye disc (4) . The faf gene is essential in an uncharacterized inhibitory cell communication pathway that operates anterior to the morphogenetic furrow and in cells outside of those that will become photoreceptors, to limit the number of photoreceptors in each facet to eight (7, 8) .
The faf gene encodes one member of a family of deubiquitinating enzymes, also called ubiquitin (Ub) proteases, or Ubps (9) . Ub is a 76-amino acid polypeptide that when covalently attached to proteins, targets them for degradation by a multisubunit protein complex called the proteasome (10) . Deubiquitinating enzymes cleave Ub-protein bonds (10) and Faf is thought to remove Ub from a specific protein or proteins, thereby preventing degradation by the proteasome (9) . Faf is of interest because it reveals a mechanism for regulation of the Ub-proteasome pathway and also because it defines a cell communication pathway critical for patterning the eye disc.
Herein, gain-of-function mutations in two Drosophila genes, Ras1 and Rap1, are described that were identified because of their genetic interactions with faf mutants. Ras1 is a GTPbinding protein that can switch from an inactive (GDP-bound) to an active (GTP-bound) state (11) . In its active form, Ras1 initiates a phosphorylation cascade, resulting ultimately in the activation or inactivation of particular transcriptional regulators (2) . Ras1 relays the signals from DER and is thus required for the determination of all cells within the facet (12, 13) . Rap1 is part of the Ras superfamily of GTP-binding proteins (14) and its normal role in signal transduction is not clear. Analysis of the genetic interactions among faf and Rap1 and Ras1 reveals that in addition to its critical role anterior to the morphogenetic furrow, Faf has a function in undifferentiated cells later in eye development that involves, probably indirectly, Ras1 and Rap1. These results suggest that cells outside the facet influence cell fates within the facet. E63K is E( faf )bE382.
MATERIALS AND METHODS

Drosophila
Mapping Rap1 and Ras1 Mutant Alleles. The meiotic recombination scheme used to localize the E( faf ) mutations to an approximate position on the third chromosome are described in detail elsewhere (20 T58M ͞Df(3L)R E flies. The PCR primers used were identical to those as described (15) . The Ras1 gene was cloned by PCR of genomic DNA from Ras1 E63K ͞TM6B flies by using the primers 5Ј-CGAAAACG-GACGCCACAGCC and 5Ј-CGCCGACGCACATACA-GACA. The PCR products were cloned into Bluescript (Stratagene) plasmid vectors and the sequences was determined on both strands by f luorimetric automated sequencing. For Rap1 V153M and Rap1 T58M , the sequences of two clones, one from each of two PCRs were determined and the identical nucleotide change was found in each (see Fig. 3 ). For Ras1 E63K , the DNA sequences of five different clones from a single PCR were determined: two of the clones had the wild-type sequence and three had the identical single nucleotide change (see Fig.  3 ).
Analysis of Eyes. Adult eyes were prepared for scanning electron microscopy and photographed or were fixed, sectioned, stained, and photographed as described (7).
Mosaic Analysis. Clones of homozygous w Ϫ Rap1 ϩ cells in the eyes of w; Rap1 ϩ ͞Rap1 R P[w ϩ ] flies were induced with x-rays as described (7) . Eyes containing clones were fixed and sectioned as described (7) .
Detection of Faf Protein Produced by Promoter-faf Constructs. To be sure that the UAS-faf and sev-faf transformants produce Faf protein, protein extracts were prepared from 20 pairs of transformant eye discs by simply dissecting them into protein gel loading buffer. The transformants used were sev-faf, GMR-Gal4 (5)͞UAS-faf, and glrs-faf, which rescues faf mutant eye phenotypes and is thus a positive control. Myctagged Faf protein in the extracts was visualized in Western blot experiments precisely as described in ref. 9 . Bands corresponding to the approximate size of Faf protein were observed in all extracts (data not shown). (Fig. 1) . By using meiotic recombination followed by physical mapping, Rap1 V153M and Rap1 T58M were localized to a region on the left arm of the third chromosome defined by Df(3L)R E , between polytene position 62B8-9 and 62C1. As Rap1 is within this region, complementation tests were performed with three different Rap1 loss-of-function mutations (Rap1 Ϫ ). Each Rap1 mutant allele fails to complement the function of Rap1 V153M and Rap1 T58M in the eye; Rap1 V153M ͞Rap1 Ϫ and Rap1 T58M ͞ Rap1 Ϫ have externally rough eyes (Fig. 1E ). The Rap1 genes were isolated from Rap1 V153M and Rap1 T58M flies and their DNA sequences were determined. Different single amino acid mutations were found in each Rap1 gene (Fig. 2) , confirming that the E( faf ) mutations are in Rap1.
RESULTS
Identification of
Similarly, Ras1 E63K was localized to polytene position 85D8-11, which includes Ras1, and Ras1 E63K ͞Ras1 Ϫ flies have rough eyes (Fig. 1Q) . DNA sequence analysis of the Ras1 gene in Ras1 E63K mutant flies revealed a single amino acid mutation (Fig. 2) is a null allele (7)], most of the facets contain more than the normal complement of eight photoreceptor cells, many facets have extra R7-like cells and a small proportion of facets are missing R7 (refs. 7 and 9 and Fig. 1T ). The eyes of faf BX3 ͞faf
FO8
and faf BX3 ͞faf BX3 flies show the same defects, but in far fewer facets than in faf BX4 eyes (Fig. 1D) .
Flies homozygous for Rap1 Ϫ mutations die as larvae and clones of Rap1 Ϫ cells in the eye produce scars due to cell death (15 (Fig. 4) . Table 1 show that in facets with wild-type photoreceptor cell arrangements, R7 has the strongest tendency to be Rap1 ϩ . Thus, the Rap1 R protein appears to exert its effect mainly within R7. The data also indicate a possible weaker requirement for Rap1 ϩ in R6. As outer R cells are also sometimes missing in Rap1 R ͞ϩ retinas, it is possible that one of these may be R6.
In Its Interactions with Rap1 and Ras1, Faf Functions Posterior to the Morphogenetic Furrow and in Cells Outside the Facet. The faf gene is expressed both anterior to and posterior to the morphogenetic furrow (7) and Rap1 expression is ubiquitious (ref. 24 
and H. Asha and I.K.H, unpublished results).
Although the strongest expression of faf is anterior to the furrow (7), expression of faf within the furrow is sufficient to complement the eye defects in faf BX4 flies (8) . To determine where in the eye disc Faf performs the function involving Rap1, transformant lines containing transgenes that express faf in a variety of patterns in the developing eye (Table 2) and Rap1 R -type (shaded bars) mutant facets was calculated for each of the genotypes shown. One hundred to 500 facets in two to five eyes were counted for each genotype, except for the genotypes with no error bars where one eye was counted. The error bars represent one standard deviation above and below the mean value obtained for each eye; standard errors are large in the cases where there was significant variation in the penetrance of the phenotype. For reasons that are not understood, the mutant Rap1 alleles suppress the faf phenotype. Clones of homozygous w Ϫ Rap1 ϩ cells were induced in a w ϩ Rap1 R ͞ w Ϫ Rap1 ϩ background. R-cells in 74 genetically mosaic and phenotypically wild-type facets at the clone borders were scored for the presence (w ϩ ) or absence (w Ϫ ) of pigment granules. In Rap1 R ͞Rap1 ϩ eyes, 25% of facets are phenotypically wild type (15) , meaning that 25% of each R-cell type in the mosaic facets will be w ϩ or w Ϫ randomly. Thus, a particular R-cell in a phenotypically wild-type facet will be w ϩ Rap1 R at a frequency of 13%, even if Rap1 R produces its mutant phenotype by functioning within that R-cell. Conversely, if Rap1 R does not function within a particular R-cell, that R-cell should be w ϩ Rap1 R at a frequency of 50%. 2 analysis was used to evaluate whether the observed frequencies for each individual R-cell are significantly different from 0.50 (R8, 2, 5, 3, 4, 1, or 6) or 0.13 (R7). Only the observed frequencies for R6 and R7 are significantly different from 0.50 and 0.13, respectively. Some of the w ϩ cells may have been contained within the twin spot of the w Ϫ Rap1 ϩ clone and, thus, are homozygous for w ϩ Rap1 R . This should have little effect on the interpretation of the experiment as Rap1 R homozygotes have nearly the identical photoreceptor patterning phenotype to Rap1 Rϩ (15) . (Fig. 5) . The only gene construct that complements the eye defects is glrs-faf, which expresses faf in all cells posterior to the morphogenetic furrow. Constructs that express faf anterior to or within the furrow, or posterior to the furrow but exclusively in cells within the developing photoreceptors all fail to complement ( Table 2 and Fig. 5 ). Three of the transgenes (glrs-faf, ro-faf, and sev-faf ) were also tested for their ability to complement the eye defects of Ras1 E63K faf BX3 ͞ faf BX4 mutants. As for the Rap1 alleles, only glrs-faf complements the rough eye phenotype (data not shown). Thus, in its interactions with Rap1 and Ras1, Faf functions posterior to the furrow and in cells outside of the assembling photoreceptors.
In Its Interactions with Rap1 and Ras1, Faf Functions as a Ubp. P elements containing a genomic DNA fragment corresponding either to a wild-type ( faf ϩ ) or a mutant faf gene ( faf Ser1677 ) were tested for their ability to complement the mutant eye phenotypes of Rap1 V153M or Rap1 T58M faf BX3 ͞ faf BX4 . In the faf Ser1677 gene, the conserved cysteine residue critical for Ubp enzyme activity is changed to serine (14) . This mutation was previously shown to hinder the activity of Faf in a Ubp activity assay and to render the faf Ser1677 gene unable to complement faf BX4 (9) . The P element containing the wild-type faf gene complements the mutant phenotypes of all three genotypes (Fig. 5) . In contrast, the faf Ser1677 gene fails to complement any of them (Fig. 5) . These results strongly suggest that Faf functions as a Ubp in its Rap1-and Ras1-dependent role.
DISCUSSION
Rap1 and Ras1 genes bearing specific point mutations display genetic interactions with faf mutations. The results of genetic experiments show that in addition to its critical function anterior to the morphogenetic furrow, the Faf deubiquitinating enzyme has a later function in facet assembly posterior to the furrow, evident when the specific Rap1 or Ras1 mutant proteins are expressed. Like its critical function, the later role of Faf is within cells outside the developing facets.
Faf Has a Second Role in Eye Development. The results of two different experiments show that the genetic interactions between faf and the specific alleles of Rap1 and Ras1 are due to a function of Faf distinct from its essential function. First is the mutant eye phenotype of flies with hypomorphic faf mutations when their eye roughness is dominantly enhanced by any of the three mutations described; the eye phenotypes resemble those of Rap1 or Ras1 mutations rather than faf mutants. Thus, the hypomorphic faf background appears to be enhancing the mutant phenotype of the Rap1 and Ras1 alleles. Second are the experiments where promoter-faf genes were tested for their ability to complement the mutant eye phenotypes of the mutant Rap1 and Ras1 alleles in a hypomorphic faf background. The results of these experiments show that in its interactions with Rap1 and Ras1, faf is functioning later in eye development than in its essential function. The ro-faf gene, expressed early in eye development, complements the mutant eye phenotype of faf null flies nearly completely, but glrs-faf, which is expressed later, complements faf nulls weakly (8 R has been shown to interrupt the initial recruitment of photoreceptors rather than their maintenance (15) .] This is remarkable, as there is no other evidence that the undifferentiated cells surrounding the facets send any inductive signals.
What Biochemical Pathway Does Faf Regulate Behind the Furrow? There is no signaling pathway known where cells outside the facet affect the development of cells within the facet. Two transcriptional regulators required for proper facet FIG. 5 . Complementation of mutant phenotypes by transgenes. The average fraction of mutant facets, indicated by the bars, was calculated for each of the genotypes shown. One hundred to 500 facets in two to five eyes were counted for each genotype, except for the genotypes with no error bars where one eye was counted. (In glrs-faf, four eyes were analyzed and the standard error was zero.) The error bars represent one standard deviation above and below the mean value obtained for each eye; standard errors are large in the cases where there was significant variation in the penetrance of the phenotype. assembly, Jun (25) and Ttk88 (26, 27) , are themselves regulated by Ub-dependent proteolysis (28) (29) (30) . Faf is not likely to be involved directly in the regulation of these proteins because Jun and Ttk88 function autonomously within photoreceptors and cone cells, whereas Faf functions within cells outside the facet. The Faf-Rap1 and Faf-Ras1 Interactions. Given that the Rap1 and Ras1 alleles described are not simple loss-of-function mutations, it is appropriate to ask whether the function of faf revealed by these alleles is one that occurs in wild-type cells or only in the presence of these particular proteins. Null alleles of Rap1 and Ras1 display weak genetic interactions with faf similar qualitatively to the strong interactions observed with the gain-of-function alleles. Thus, it appears that the second function of faf is biologically relevant but is much less important in the wild-type fly than in the presence of the specific mutant Rap1 and Ras1 proteins. Also, the interactions described are not specific to the faf BX3 and faf FO8 alleles; faf BX4 ͞ϩ ( faf BX4 is a null allele) enhances the Rap1 R ͞ϩ mutant phenotype (data not shown).
The genetic interactions described are unlikely to result from direct physical interaction between Faf and Rap1 or Ras1 proteins. Rap1 V153M , Rap1 T58M , and Ras1 E63K proteins are likely to function within photoreceptors, because Rap1 R functions mainly in R7 and wild-type Ras1 also functions within R cells (12) . In contrast, in its interactions with the mutant Rap1 and Ras1 proteins, Faf functions outside the facet. Mosaic data do not, however, exclude the possibility that the mutant Rap1 proteins and Ras1 also function outside the facet.
What Are the Activities of the Rap1 V153M , Rap1 T58M , and Ras1 E63K Proteins? Rap1 is a GTP-binding protein structurally similar to Ras, but its cellular function is not known, making it difficult to speculate as to how particular amino acid changes might affect Rap1 function. There is evidence that the Rap1 R mutation (F157L) increases the proportion of the Rap1 protein in the GTP-bound state (31) , suggesting that Rap1 R is hyperactive. However, genetic analysis suggests that this may be an oversimplification. As Rap1 V153M and Rap1 T58M in the fly have phenotypic effects similar to Rap1 R , their amino acid changes probably have the same final effect on Rap1 function, although not necessarily through the same mechanism. The Rap1 V153M amino acid change is located near to the Rap1 R mutation, whereas in Rap1 T58M , the altered amino acid is in the GTP-binding domain. Thus, it is possible that both Rap1 V153M and Rap1
T53M have altered GDP͞GTP binding behavior, similar to, but less severe than, that of Rap1 R .
Activated (GTP-bound) Ras binds to an effector protein (11) . The Ras E63K mutation is located within a 16-amino acid region that may be involved in effector binding because it normally undergoes a conformational change upon Ras activation (32) . It has recently been shown that Ras proteins can interact in different ways with different effector molecules (33) . Specific mutations in Ras can abolish its ability to interact with subsets of effectors while preserving its ability to activate others. The mutant alleles of Rap1 and Ras1 described herein may thus represent alleles that preserve many of the normal functions of these proteins but alter the function of a pathway that is regulated in some manner by a faf-dependent signal. These alleles are likely to be useful reagents for the analysis of such a mode of regulation.
